[1] The Wasatch fault is a $370 km long normal fault in Utah that marks the boundary between the stable Colorado Plateau to the east and the extending Basin and Range to the west. Understanding the thermokinematic evolution of this fault can provide insights into intracontinental extensional tectonics and deformation processes in other rift zones (e.g., East Africa Rift, Transantarctic Mountains). We explore the thermokinematics of footwall exhumation and erosion in the Cottonwood Intrusive Belt of the central Wasatch Mountains. Emphasis is placed on using low-temperature thermochronometers to quantify (1) the spatial and temporal variability of exhumation and erosion rates, (2) the geometry of footwall tilt, (3) the fault dip angle, and (4) the magnitude and duration of exhumation. These processes are investigated using two-dimensional (2-D) thermal-kinematic models coupled with cooling-rate-dependent kinetic models which predict exhumed apatite fission track (AFT) and (U-Th)/He ages. The range of model parameters considered includes footwall exhumation and erosion rates at the fault between 0.2 and 2.0 mm yr À1 , footwall tilt hinge positions between 15 and 40 km distance from the fault, a single planar normal fault with dip angles of 45°and 60°, and exhumation magnitudes of up to 15 km at the fault. Simulations include the formation of a low thermal conductivity sedimentary basin and erosion of heat-producing layers. Erosion maintains a constant topographic profile. The kinematic and exhumation history of the Wasatch Mountains is investigated by comparing model predicted thermochronometer ages to observed AFT, ZFT, and (U-Th)/He ages. Predicted and observed ages are compared using a reduced chi-square analysis to determine a best fit kinematic model for the Wasatch Mountains. The preferred model includes exhumation occurring on either a 45°or 60°dipping fault, a footwall hinge located a minimum of 20-25 km from the fault, and a step decrease (deceleration) in the footwall exhumation rate at the fault from 1.2 to 0.8 mm yr À1 at around 5 Ma. The model also suggests an exhumation duration of $12 Myr ± 2 Myr).
Introduction
[2] Exhumation is an important geologic process responsible for the exposure of rocks and structures at the Earth's surface. In extensional tectonic regimes (e.g., Basin and Range province, East African Rift, or Transantarctic Mountains) most exhumation occurs in the footwalls of normal-fault bounded ranges. Several fundamental scientific questions apply to all tectonically active normal-fault bounded ranges, as follows: How fast is footwall exhumation? Are there spatial and temporal variations in the exhumation rate? How long has exhumation been active? We address these questions for the central Wasatch Mountains, Utah, but our modeling approach is applicable to other normal fault bounded ranges around the world. In this study we construct two-dimensional (2-D) thermokinematic numerical models of a normal-fault bounded range to explore the influence of spatially and temporally vari-able exhumation rates, fault dip angles, and the duration of exhumation inferred from apatite and zircon fission track (AFT, ZFT) and apatite (U-Th)/He ages.
[3] The companion paper by Armstrong et al. [2003] presents the thermochronometer data used in this study, calculates thermal histories from track length modeling, and presents a structural synthesis for the Cenozoic evolution of the Cottonwood Intrusive Belt area of the Wasatch footwall block. Armstrong et al. [2003] interpret the spatial and elevation variations of thermochronometer ages to represent a two-stage tilt and exhumation history in which the locus of tilting and exhumation migrated westward. The first stage of tilt and exhumation occurred in Oligocene to middle Miocene time and primarily affected the middle and eastern parts of the range. The second stage began $10-12 Ma and affected the western 20 km of the range. In this paper, we address the thermokinematic evolution of only the second stage of tilt and exhumation.
[4] Other studies have investigated the thermokinematic effects of exhumation on thermochronometer cooling histories. Stüwe et al. [1994] and Stüwe and Hintermüller [2000] developed analytic expressions for the position of the AFT and apatite (U-Th)/He closure isotherms in the presence of eroding topography. Mancktelow and Grasemann [1997] investigated the effect of transient heat advection and topography on vertically exhumed thermochronometer samples. Ehlers et al. [2001] used a 2-D transient thermokinematic model of a normal-fault bounded range to compare differences in thermochronometer exhumation rates calculated from 2-D and conventional 1-D thermal models. Several studies have used 2-D thermal models of normal faults to document the effects of erosion and sedimentation rates on the thermal histories of hanging wall and footwall rocks [Grasemann and Mancktelow, 1993; ter Voorde and Bertotti, 1994; Bertotti and ter Voorde, 1994] . Two-dimensional thermal models, geobarometers and thermochronometers, were used by van Wees et al. [1992] to differentiate between pure, simple, and combined pure and simple shear modes of extension in the Beltic Zone, Spain.
[5] Previous studies have demonstrated that several fundamental thermal, kinematic, and surface processes influence the thermal history of exhumed thermochronometer samples ( Figure 1 ). These processes include (1) upward and downward advection of mass and heat in the footwall and hanging wall, respectively, (2) heat refraction around low-conductivity sediments in the hanging wall basin, (3) lateral heat flow owing to topography, and (4) erosion of heat-producing layers. These processes all result in transient and 2-D heat flow and variable closure temperature depths across the footwall (e.g., T 2 and T 4 , Figure 1 ) .
Geologic Background
[6] The central Wasatch Mountains, the emphasis of this study, are located in the footwall of the Salt Lake City segment (Figure 2 ) of the Wasatch fault. The Wasatch fault has generated at least 10 surface-rupturing earthquakes (6.8 < M < 7.3) in the last 5600 years [Swan et al., 1980; McCalpin and Nishenko, 1996; Arabasz et al., 1992] . The geologic setting is described by Armstrong et al. [2003] , and only the geologic features salient to the thermokinematic modeling are discussed here. Thermochronometer ages of sampled rocks depend on the depth to the closure temperature T i and the exhumation rate. Isotherms (dashed lines) are deflected by the upward and downward advection of mass and heat in the footwall and hanging wall, respectively, and by relief on the nearly isothermal upper surface.
[7] Oligocene age granitoid plutons were intruded into older sedimentary strata and are the source of all but one sample dated of Armstrong et al. [2003] . The one other sample came from the Proterozoic Little Willow Formation. Unconsolidated sediments on the hanging wall are estimated to be $1.5 km thick based on inversion of gravity data assuming a simple two layer density structure [Zoback, 1983; Radkins, 1990] . The thickness of consolidated hanging wall sedimentary rocks is not well determined. Topographic relief between the valley floor and range crest is $2 km. Topographic relief between transverse canyons and ridges is $1.0 -1.5 km.
[8] Numerous studies address, with conflicting results, the magnitude and rate of exhumation of the central Wasatch Mountains (Table 1) . Parry and Bruhn [1987] summarized previous estimates of the exhumation which range from 1.5 km based on topographic relief [Eardley, 1939] to 12 km based on eroded stratigraphic section [King, 1878] . Some of these studies are discrepant because they Figure 2 . Central Wasatch Mountains with sample locations for zircon and apatite fission track, and (UTh)/He ages considered in this study. Data are reported by Armstrong et al. [2003] . Multiple thermochronometer analyses were conducted on the same rock samples for most locations. report surface uplift rather than exhumation. Uncertainty also exists in estimates of the exhumation rate. Rates of footwall vertical exhumation span several orders of magnitude and range between 0.05 mm yr À1 based on shallow seismic imaging of offset Holocene strata [Crone and Harding, 1987] and 0.8 mm yr À1 from K-Ar and AFT thermochronometry [Evans et al., 1985; Kowallis et al., 1990] . Some of the discrepancy in previous exhumation rate estimates (Table 1) may result from differences in the timescale the methods are sensitive to. For example, paleoseismology studies using offset markers in fault trenches or shallow seismic studies deduce rates over the timescale of individual earthquake ruptures (10 3 years), whereas thermochronometer studies are sensitive to processes on significantly longer timescales (10 6 -10 7 years). A primary objective of this study is to refine estimates of exhumation rates on million year timescales by integrating new thermochronometer data with a thermokinematic model of footwall exhumation.
Thermochronometer Data
[9] Zircon and apatite fission track and apatite (U-Th)/He ages have closure temperatures of $240°C, 120°C, and 70°C, respectively, thus providing constraints on exhumation histories over this temperature range [Naeser, 1979; Naeser et al., 1989; Parrish, 1983; Yamada et al., 1995; Farley, 2000; Gleadow and Brown, 2000] . Kinetic models for thermal annealing of apatite fission tracks are well developed [Naser and Faul, 1969; Wagner and Reimer, 1972; Laslett et al., 1987; Green et al., 1986; Carlson, 1990; Crowley et al., 1991] , with variations in annealing behavior arising from compositional variations and crystallographic anisotropy [Green et al., 1985; Donelick et al., 1999; Carlson et al., 1999; Ketcham et al., 1999] . Helium produced in apatite by the spontaneous decay of 238 U, 235 U, and 232 Th is lost by volume diffusion, thus serving as the basis for (U-Th)/He dating [Zeitler et al., 1987; Wolf et al., , 1998 Farley, 2000] . Below temperatures of $300°C, the diffusivity of apatite is described by a linear, temperature-dependent Arrhenius relationship.
[10] Armstrong et al. [2003] report new AFT, ZFT, and (U-Th)/He data which provide the most complete picture of exhumation to date for the Wasatch Mountains. We use 30 AFT, 7 ZFT, and 22 (U-Th)/He ages from Armstrong et al.
[2003] (dashed box, Figure 2 ). Five additional ZFT data located close to the fault from Kowallis et al. [1990] were used to augment new ZFT data collected from greater distances from the fault. The data from Armstrong et al.
[2003] suggest a northward tilt of several degrees which precludes inclusion of samples from north of the dashed box in our 2-D model.
[11] The thermochronometer data are shown in Figure 3 with sample age plotted versus distance from fault along an azimuth of 070°. This azimuth is perpendicular to the general trend of the range front and fault ( Figure 2 ) and in the direction of fault slip. The ZFT data range from 10 Ma at the fault to 37 Ma at 24 km away from the fault (Figure 3a) . At distances >10-15 km from the fault, the ZFT ages are concordant with intrusion U-Pb ages [John, 1989; Constenius, 1998 ]. Unlike the AFT and apatite (U-Th)/He thermochronometer systems the ZFT system does not have an established kinetic model for track annealing. This study will primarily focus on the AFT and (U-Th)/He systems for which kinetic models are established and can be coupled with thermokinematic models to compare predicted ages to observed ages. Despite uncertainties in the kinetics of ZFT annealing, the ZFT data are of use for delineating the duration of faulting on the Wasatch fault (see section 6.2).
[12] The AFT ages range from 3.4 Ma adjacent to the fault to 39.6 Ma at 32 km away from the fault (Figure 3a) . Long (13.7 -15.3 mm) fission tracks and track length modeling [Armstrong et al., 2003] suggest that the samples located at distances between 20 and 27 km from the fault (open circles) were exhumed rapidly during an earlier (late Oligocene to middle Miocene) cooling event associated with several kilometers of exhumation east of the Silver Fork and Superior faults. Samples located at >27 km from the fault were initially intruded above the partial annealing zone (PAZ) [Armstrong et al., 2003] and record the age of crystalization. AFT ages at distances >20 km record a cooling event that occurred earlier than the exhumation of the western 20 km of the Wasatch Mountains. Therefore only the AFT data within 20 km of the fault are used in this study constrain the thermokinematic models. [Armstrong et al., 2003] .
ETG
[13] (U-Th)/He ages are $1.6 Ma adjacent to the Wasatch fault and increase nearly monotonically to 10.1 Ma at 23 km distance from the fault (Figure 3b ). The increase of (U-Th)/ He, AFT, and ZFT ages with distance from the fault is interpreted to result from footwall tilt such that samples adjacent to the fault were exhumed from greater depths and faster than samples at greater distances from the fault. The (U-Th)/He ages of samples collected at similar distances from the fault at ridge versus valley elevations (Figure 3b ) typically differ by $1 Myr. This variation may be due to elevation differences at a common distance from the Wasatch fault. These elevation-age relationships are investigated for a north-south elevation transect between Little Cottonwood Canyon and Lone Peak (Figure 5b of Armstrong et al. [2003] ). The slope of a best fit line in this ageelevation plot is 1.2 mm yr À1 . This change in age with elevation was used to correct (U-Th)/He ages to a common sample elevation [Armstrong et al., 2003, Figure 5c ]. The elevation correction changes (U-Th)/He ages by <1 Myr, an amount typically within the uncertainties of ages. After this correction the (U-Th)/He ages still vary as a function of horizontal distance from the fault, with elevation-related changes being small at any distance from the fault. This small north-south topographic relief effect on (U-Th)/He ages is probably related to the isotherms sensing the topography which in turn leads to relatively high elevation-age gradients locally (see section 6.1)[also see Ehlers et al., 2001; Braun, 2002] . However, in this study we emphasize the longer wavelength variations in sample ages related to movement of the Wasatch fault. Future work will investigate shorter wavelength variations in sample ages related to canyon and ridge topography.
The Model
[14] The simplest assumption for thermochronometer interpretation is that samples are exhumed vertically toward a horizontal surface through a 1-D steady state thermal field. A more realistic assumption in tectonically active regions is that exhumation trajectories have both vertical and horizontal components and that the thermal field is transient and multidimensional [e.g., Ehlers et al., 2001; Batt et al., 2001; Batt and Brandon, 2001] . The 2-D nature of the thermal field surrounding the Wasatch normal fault is discussed in detail by Ehlers and Chapman [1999] and Ehlers et al. [2001] . There are three components to our model: (1) a thermal model that predicts temperatures as a function of space, time, and the kinematic velocity field, (2) a kinematic model describing particle motions, and (3) a thermochronometer kinetic model that calculates predicted ages of exhumed rocks. The thermal, kinematic, and kinetic models used in this paper are described in detail in sections 4.1-4.3.
Thermal Model
[15] The background thermal field of the crust is controlled primarily by heat flow into the base of the crust and thermophysical properties of the crust (conductivity, heat production, heat capacity). For the central Wasatch Mountains we assume that 2-D transient heat transfer occurs by conduction and advection of rock in response to footwall erosion and hanging wall sedimentation. These thermal processes are described by the advection-diffusion equation:
where " n is the material velocity, T is temperature, and t is time. K, r, c, and A are the thermal conductivity, density, specific heat, and radiogenic heat production per unit volume, respectively.
[16] Equation (1) is solved in an Eulerian (spatial) reference frame using the finite difference scheme described by Ehlers and Chapman [1999] . A representative topographic profile perpendicular to the range front ( Figure 2 ) is used for the top boundary of the model. The topographic profile remains constant throughout simulations by assuming a topographic steady state such that the erosion rate is equal in magnitude to the tectonic rock uplift rate. Our steady state topography assumption is supported by landform evolution modeling studies of normal fault bounded ranges in the Basin and Range that suggest topographic steady state is reached within $2 Myr of the onset of faulting [Densmore et al., 1998; Allen and Densmore, 2000] . We demonstrate later (section 6.2) that the Wasatch fault has been active for significantly longer (12 ± 2 Myr) than this 2 Myr period of inferred transient topography. Therefore the effects of transient topography on AFT and (U-Th)/He cooling ages most likely ended long before closure of AFT and (U-Th)/He samples from the Wasatch (Figure 3) , and the assumption of steady state topography should not influence our interpretation of the data.
[17] Pleistocene glaciation of the Wasatch Mountains is the only other erosional process that may have significantly modified the topography and affected cooling ages. However, glaciation will most likely not influence our interpretation of (U-Th)/He cooling ages because (1) the magnitude of glacial over deepening in Little Cottonwood Canyon, where the samples came from, does not appear to be significant compared to neighboring canyons which are unglaciated and have similar relief between canyons and ridges (e.g., Mill Creek Canyon), and (2) if for unforeseen reasons glaciation did influence cooling ages, our implementation of an average topographic profile ( Figure 5 ) across the Wasatch will minimize the effect of changes in local relief induced by glaciation.
[18] Changes in material properties in the thermal model are accounted for by tracking material points in a Lagrangain (material) reference frame. This formulation allows for erosion of heat producing material and formation of a lowthermal conductivity sedimentary basin. Thus the contribution of heat production to surface heat flow decreases with time as the exhumation duration increases. Model parameters and material properties used in this study are summarized in Table 2 . We assume heat production roughly obeys an exponential decrease with depth which is consistent with Basin and Range heat production models [Lachenbruch and Sass, 1977] . Our assumed heat production profile was validated with 20 representative samples analyzed from the central Wasatch Mountains (Appendix A). Published thermal conductivity measurements near the Wasatch Mountains suggest an average value of 3.3 $± 1.0) W m À1 K À1 at 25°C [Deming, 1988; Bodell, 1981; Moran, 1991; Powell, 1997] (see also Appendix A). We assume in our model a slightly lower representative crustal thermal conductivity of 3.0 W m À1 K À1 because thermal conductivity decreases 0.1 -0.5 W m À1 K À1 with increased temperature and depth in the crust [Buntebarth, 1991; Clauser and Huenges, 1995] . A thermal conductivity of 2.2 W m À1 K À1 is assumed for the sedimentary basin.
[19] The boundary conditions in the model include a constant basal heat flux of 60 mW m À2 and no-flux boundary conditions on the sides (Figure 4a ). The upper boundary has a constant surface temperature in the valley and an elevation-dependent temperature in the range. The sum of our assumed basal and radiogenic heat flow provide an initial surface heat flow of 90 mW m À2 . This surface heat flow is consistent with present-day measurements near the Wasatch Mountains [Sass et al., 1994; Ehlers and Chapman, 1999] and paleothermal gradient estimates from exhumed fluid inclusions in the central Wasatch Mountains [Parry and Bruhn, 1987] . Initial temperatures are specified as the conductive steady state solution for the specified boundary conditions.
Kinematic Model
[20] The kinematics of a normal-fault bounded range include horizontal extension and footwall and hanging wall tilt. We define the 2-D kinematic model in the reference frame of the fault. A horizontal velocity component, V x , is prescribed as constant and opposite in magnitude across the fault (x = 0), thereby providing symmetric displacement around the fault (Figure 4b ). In the footwall the horizontal component is prescribed as:
where V Extension is one half the horizontal displacement rate across the fault. The extension rate, V Extension , and fault dip angle define exhumation rates in the footwall. Because the exhumation rate is a fundamental control on the cooling rate of exhumed thermochronometer samples we characterize the exhumation rate of the footwall using the maximum exhumation rate, V zmax , which is given by
where b is the fault dip angle. Footwall tilt is described using a vertical velocity component, V z , that is largest in magnitude adjacent to the fault (V zmax ) and decays linearly with distance x from the fault (Figure 4b ) such that
where X Hinge is the footwall hinge distance from the fault where V z = 0. This kinematic field is prescribed as a function of distance from the fault at all depths in the thermal model such that the footwall hinge parallels the fault (Figure 4a ). In the following sections we describe predicted thermochronometer ages in terms of the exhuma- tion rate at the fault, V zmax . However, note that exhumation rates vary across the footwall (equation (4)).
[21] Three parameters define our footwall kinematic field ( Figure 4b and equations (2), (3), and (4)): (1) the footwall exhumation rate at the fault (V zmax ); (2) the distance of the footwall hinge from the fault (X Hinge ); and (3) the fault dip angle, b. We investigated footwall exhumation rates at the fault of 0.2-2.0 mm yr À1 , footwall hinge positions between 15 km and 40 km from the fault, and fault dip angles of 45°a nd 60°. This description of the kinematic field focuses on the footwall where we have thermochronometer samples. We also prescribe the hanging wall kinematic field in a similar manner (Figure 4b ) for the thermal model calculation.
[22] Our assumed kinematic model imposes extensional strain on the hanging wall and footwall. The effect of this strain on rock exhumation pathways is discussed in section 5.1. The assumed kinematic model and associated strain is justified by field observations from the Wasatch Mountains (Big Cottonwood Formation) where numerous small faults and joints with $1 -10 m normal sense offset are located between the fault and 10+ km distance from the fault in the footwall (unpublished results from Ehlers and Chan [1999] ). Furthermore, extensional strain has been observed in the hanging wall of the Wasatch Fault. For example, the West Valley Fault is an active antithetic fault in the Salt Lake Valley and accommodates extension of the hanging wall [Hecker, 1993; Keaton et al., 1993] . Thus the extensional deformation imposed by our kinematic model on the hanging wall and footwall is consistent with observed distributed strain in the central Wasatch Mountains and Salt Lake Valley. As discussed below, the assumed kinematic model has the additional advantage of easily tracking exhumation trajectories in two dimensions.
[23] Equations (2) and (4) are simple enough to derive analytic expressions for particle positions in the footwall during the exhumation process. Particle positions can be tracked forward in time from an initial position (X 0 , Z 0 ) to a new position (X 1 , Z 1 ) after a specified time (Át):
V z retains the integral form because V z is a function of x. Because V x is constant, this can be written as
which can be solved analytically by substitution of equations (2) and (4). Equations (5) and (7) are used to incrementally track the position and temperature of particles at each time step as they are exhumed toward the surface. The temperature history of particles exhumed to the surface is then used to predict (U-Th)/He and AFT ages using thermochronometer kinetic models.
Thermochronometer Kinetic Models
[24] Apatite fission track and (U-Th)/He ages can be predicted from thermal histories using kinetic models for track annealing and helium diffusion, respectively. Kinetic models of apatite fission track annealing have been documented in numerous studies [Naser and Faul, 1969; Wagner and Reimer, 1972; Laslett et al., 1987; Green et al., 1986; Carlson, 1990; Crowley et al., 1991; Ketcham et al., 1999] . The apatite samples considered in this study are fluorapatite [Armstrong et al., 2003 ] so we assume a fluorapatite annealing model based on the data of Green et al. [1986] , fit by Laslett et al. [1987] , and implemented by Willett [1992 Willett [ , 1997 .
[25] Recent advances have been made in quantifying the kinetics of helium diffusion in apatite [Zeitler et al., 1987; Farley et al., 1996; Wolf et al., , 1998 Farley, 2000] . We use these kinetic parameters to calculate predicted (U-Th)/He ages assuming diffusion of helium in a spherical grain. Spherical diffusion can be described by [Carslaw and Jaeger, 1959; Wolf et al., , 1998 ] He concentration in a domain with radius a as a function of time (t), and radial position (r) normalized by the diffusion domain size. The three right hand terms in equation (8) Th with associated decay rate constants l. The temperature-dependent diffusivity, D, is calculated as
where D 0 and E a are the empirically derived diffusivity at infinite temperature and activation energy, respectively [Farley, 2000] , R is the gas constant, and T(t) is temperature.
[26] Equations (8) and (9) were solved numerically using a spherical finite element model to generate predicted (U-Th)/ He ages. The model was validated using analytic solutions for isothermal ingrowth diffusion [Carslaw and Jaeger, 1959; Ozisik, 1989 ] and compared to the California Institute of Technology helium diffusion algorithm (K. Farley and M. House, personal communication, 2000) . We assumed Durango fluorapatite kinetic parameters of E a = 33 kcal mol
À1
, and D 0 = 50 Â 10 8 mm 2 s À1 [Farley, 2000] . The average grain diameter of the Wasatch samples is 85 mm [Armstrong et al., 2003] Th concentrations of 20 ppm were used. Thermochronometer samples were given an initial intrusion age of 35.5 Ma based on the average pluton ages of the Little Cottonwood and Alta Stocks.
Results

Two-Dimensional Thermokinematic Field and Predicted Ages
[27] As parametrized in our model the particle paths, thermal histories, and thermochronometer ages of specific material points depend on the exhumation rate of the footwall at the fault (V zmax ), the footwall hinge position, the fault dip angle and the total duration of fault motion. Figure 5 shows particle paths and temperature histories with a 45°fault dip, with a footwall exhumation rate at the fault of 0.6 mm yr À1 mm
À1
, a footwall hinge located 30 km from the fault, and a total faulting duration of 16.5 Myr The position of exhumed particles at 0.5 Myr increments (crosses) is shown with the resultant temperature field. The deepest rocks are exhumed adjacent to the fault and there is progressively less total exhumation away from the fault.
[28] Isotherms are curved and 2-D heat flow occurs ( Figure 5 ). For example, at a distance of 5 km from the fault and near the (U-Th)/He closure temperature of 60°C (À0.4 km) the vertical and horizontal components of heat flow are $88 and 15 mW m À2 , respectively. Lateral heat flow is $17% that of the vertical heat flow and is therefore significant. Lateral heat flow becomes even more significant at higher exhumation rates because isotherms are swept closer to the topography [e.g., see Ehlers et al., 2001, Figure 5] ). Thermochronometer sample cooling rates in the model also decrease away from the fault from 24°C Myr À1 at the fault to under 10°C Myr À1 25 km into the footwall.
[29] The distance a particle travels laterally before reaching the surface depends on the extension rate and fault dip angle. For example, with a 45°dipping fault a particle exhumed to the surface at a distance of 20 km from the fault travels 10 km laterally during exhumation. For a 60°fault, a particle exhumed to the surface at the same distance from the fault has travelled 5 km laterally. For the topography and isotherms shown in Figure 5 , lateral motion results in particle motion oblique to the isotherms. Thermochronometer ages are calculated by integrating the sample's temperature history. Therefore lateral motion results in older ages than if they were exhumed on vertical trajectories because samples spend more time in the PAZ.
[30] An example of predicted AFT ages is shown in Figure 6a (solid lines) for a 45°dipping fault with a footwall hinge located at a distance of 25 km from the fault, 10 km of vertical exhumation at the fault, and a range of footwall exhumation rates at the fault (V zmax ). The individual effects of the other parameters on exhumed rock ages are discussed in the following sections. The AFT data from the Wasatch are shown for comparison. The youngest predicted AFT ages of rocks occur adjacent to the fault and the ages increase slowly with distance from the fault out to $20 km distance. Between 20 and 25 km from the fault, the predicted AFT ages increase rapidly. At distances greater than $25-35 km from the fault, the ages have a constant value of $35 Ma. Samples located at distances <20 km from the fault are interpreted as being fully annealed prior to exhumation. The predicted ages between 20 and 25 km distance from the fault indicate particles exhumed from the PAZ. Particles exhumed at distances >25 km from the fault record intrusion ages and experienced only a small amount of exhumation.
[31] Variations in predicted ages at different distances from the fault strongly depend on the exhumation rate of the footwall at the fault (V zmax ), the footwall hinge distance, total duration of fault motion and, to a lesser extent, on the fault dip angle. The effect of each of these parameters is discussed below.
Effect of Footwall Exhumation Rate on Ages
[32] Figure 6 demonstrates the effect of the footwall exhumation rate, as indicated by V zmax , on ages of exhumed samples. Predicted exhumed AFT and (U-Th)/He sample ages are shown for V zmax between 0.2 and 2.0 mm yr À1 with a 10 km magnitude of exhumation adjacent to the fault. Fixing the magnitude of exhumation implies a variable duration of faulting for each set of predicted ages in [33] Increasing the footwall exhumation rate at the fault (V zmax ) results in a younger age at any point on the footwall (Figure 6a ). For example, when V zmax is 0.4 mm yr
À1
, AFT ages vary from 6.5 to 17 Ma at distances of 0 -15 km from the fault. When V zmax is 2.0 mm yr À1 , (U-Th)/He ages range from 1 to 3 Ma over the same distance. Ages decrease with increased exhumation rates because cooling of the footwall due to advection is much faster relative to conduction and, therefore, rocks do not cool through closure temperatures until they are very near the surface.
[34] The predicted (U-Th)/He ages show a similar gradual increase in predicted age with increased distance from the fault (Figure 6b ). One notable difference between the predicted AFT and (U-Th)/He ages is the greater variance in predicted (U-Th)/He ages due to topographic effects. For example, peaks and troughs in the 0.6 mm yr À1 (U-Th)/He curve ( Figure 6b ) are a result of topographic variations ( Figure 5 ) in the direction of the transect. The irregularity in the predicted age curve decreases with increased exhumation rates because isotherms are advected farther upward, resulting in a higher and more constant thermal gradient and almost homogeneous ages.
[35] Comparison of predicted and observed (U-Th)/He ages suggests a footwall exhumation rate at the fault, V zmax , of $0.6 mm yr
. In comparison, the AFT data ( Figure 6a ) suggest a higher V zmax of $0.8 mm yr
. These differences in V zmax could be interpreted to suggest a 0.2 mm yr À1 deceleration in the exhumation rate from $5 Ma to present. We quantitatively explore this inference in more detail later.
Effect of Footwall Hinge Position on Ages
[36] Figure 7 shows the effect of the footwall hinge position on thermochronometer ages for models with a 45°d ipping fault and a footwall exhumation rate at the fault (V zmax ) of 0.8 mm yr
À1
. Results are shown following 10 km of exhumation at the fault. Increasing the hinge distance from the fault results in rocks with young ages exhumed at greater distances from the fault. For example, a 15 km hinge position results in 4 -9 Ma ages within 10 km of the fault (Figure 7a ). Between 10 and 17 km from the fault samples from the partial annealing zone are exhumed and at distances greater than $17 km only intrusion ages are present. In contrast, when the hinge is located 40 km from the fault, 4 -10 Ma sample ages are present within 30 km of the fault. Ages <10 Ma are present at greater distances from the fault for the 40 km hinge position because the vertical velocity component is larger at any given location in the footwall for a 40 km hinge position than for a 15 km hinge (X Hinge , equation (4)).
[37] The models predict that ages between 10 and 30 km from the fault are sensitive to the position of the hinge. The footwall hinge position could be constrained from samples collected at this distance. Unfortunately, AFT ages collected from the Wasatch Mountains at >18 km from the fault (open circles, Figure 7a ) have ages associated with an earlier cooling event in the middle to eastern part of the range Figure 7 . Effect of footwall hinge position on predicted thermochronometer ages. Fixed parameters include a footwall exhumation rate at the fault (V zmax , equation (3) [ Armstrong et al., 2003] and therefore provide only a maximum bound on the hinge distance which we infer to be $25 km from the fault. However, (U-Th)/He ages at distances between $16.5 and 23.5 km from the fault suggest a footwall hinge location of $20-25 km from the fault (Figure 7b ). This result depends on the simulated exhumation rate of the footwall at the fault (V zmax ) and thus is non unique, a point discussed below.
Effect of Duration of Fault Motion on Ages
[38] Thermochronometer ages also constrain the duration of extension and faulting. The temporal and spatial evolution of exhumed sample ages for samples from a 35 Ma pluton and faulting duration of 6-19 Myr are shown in Figure 8 . Other parameters are fixed at 45°for the fault dip, a footwall hinge position of 25 km from the fault, and V zmax of 0.8 mm yr
À1
. Increasing the duration of faulting results in young ages at greater distances from the fault. For example, if the duration of faulting is 6 Myr, the region of young ages is confined to within $4 km of fault (Figure 8a ). In contrast, if the duration of faulting is 12 Myr, the zone of young ages extends 16 km further into the footwall to a distance of $20 km from the fault. Samples with young ages are present at progressively greater distances from the fault as the exhumation duration increases because rocks at greater distances are eventually exhumed from below the partial retention zone (PRZ) and will not record their parent (intrusion) age.
[39] Samples with young (U-Th)/He ages also occur at progressively greater distances from the fault with increased duration of faulting (Figure 8b) . However, the spatial pattern of ages is different from the AFT age pattern. For example, if the duration of faulting is 6 Myr, rocks with young ages (3 -5 Ma) are exposed to distances of 18 km from the fault. If the duration of faulting is increased to 14 Myr, rocks with young ages are exposed to 26 km from the fault (Figure 8b ). The 16 km distance over which rocks with young AFT ages are exposed for faulting durations between 6 and 19 Myr is not present in exhumed (U-Th)/He ages because the helium closure temperature is closer to the surface than for AFT data and the total time between closure and exposure is less.
[40] Comparison between predicted and observed AFT ages in Figure 8a suggests a faulting duration for the Wasatch fault between 10 and 14 Myr. Samples located at >20 km are interpreted to have cooled in an earlier event and therefore provide only a maximum estimate of the cooling duration. The (U-Th)/He data (Figure 8b ) suggest an onset of faulting time of 8 Ma, but the lack of samples at >23 km means that this is also only a minimum estimate. The onset time of faulting is discussed in more detail later.
Discussion
Kinematic Model for the Central Wasatch Mountains
[41] The previous sections demonstrate how thermochronometer ages depend on the patterns and rates of footwall uplift as parameterized in the model by fault dip, footwall hinge position, maximum exhumation rate (V zmax ), and the duration of faulting. The possibility exists that multiple combinations of these parameters can predict the observed ages equally well. Therefore combinations of parameters were investigated over a range of hinge positions from 15 to 40 km, V zmax between 0.2 and 2.0 mm yrÀ 1 , and fault dip angles of 45°and 60°. We assume an onset time of fault motion consistent with 10 km of vertical exhumation at the fault. The 10 km magnitude of exhumation is consistent with the fluid inclusion results of Parry and Bruhn [1987] . Predicted and measured ages were compared using the square root of a reduced chi-square measure of fit
where Age p i and Age o i are the predicted and observed AFT or (U-Th)/He ages for the ith point, respectively, U i is the one standard deviation uncertainty in the ith age; N is the number of samples; and M is the number of model parameters (i.e., 4). Equation (10) provides an unbiased estimator of the root mean square error and a quantified measure of fit. Independent c 2 values were calculated for AFT and (U-Th)/He ages.
[42] The c 2 values are shown over the region of parameter space where they vary the most. We plot the values for variations in the footwall hinge position and maximum exhumation rate for each fault dip angle (Figure 9 ). The c (Figure 9e) .
[44] The combined AFT and (U-Th)/He chi-square values are shown in Figures 9c and 9f for the 60°and 45°dipping faults, respectively. The best fit model is defined by the lowest combined c 2 value assuming the model accurately simulates the relevant thermotectonic processes around the Wasatch fault. For a 60°dipping fault the minimum c 2 value is 4.9 (black box, Figure 9c ) and occurs with a 25 km hinge and a V zmax of 0.8 mm yrÀ 1 . For a 45°dipping fault the combined c 2 is 4.7 (black box, Figure 10f ) and occurs with a hinge at 20 km and with a V zmax of 0.8 mm yr
À1
. We consider the difference between the 45°and 60°dip combined c 2 values of 0.2 to be insignificant because of uncertainties in model parameters and assumptions (steady state topography and 2-D thermal field assumptions). We therefore conclude the thermochronometer data are consistent with either fault dip angle. However, a shallow dip angle of $45°for the Wasatch fault has been inferred from seismic studies [Smith and Bruhn, 1984] , structural studies [Bruhn et al., 1992] , and comparison with average fault dip angles of other normal faults in the Basin and Range [Jackson and White, 1989] .
[45] One interpretation of the chi-square analysis ( Figure  9 ) is that a decrease in the exhumation rate occurred between closure of the AFT and (U-Th)/He data. For example, comparing Figure 10d and Figure 9e the AFT data suggest a V zmax of 0.9-1.1 mm yr À1 , whereas the (U-Th)/He data support a V zmax of 0.7 -0.9 mm yr À1 . Therefore the exhumation rate could have decreased by several tenths of a millimeter per year sometime since the samples cooled through the AFT PAZ.
[46] We investigated a decrease in the footwall exhumation rate with six additional model simulations. Using a 45°f ault and footwall hinge positions of 20 and 25 km, simulations were conducted with a step decrease in V zmax from 1.0 to 0.8 mm yr À1 (20 and 25 km hinge positions) and 0.8 to 0.6 mm yr À1 (25 km hinge position only). We considered onset times of 6 and 4 Ma for the step decrease in exhumation rate. Chi-square measure of fit was calculated from equation (10) with M = 6 instead of 4 since time and magnitude of the step decrease in exhumation rate are additional parameters. The lowest c 2 values for a step decrease in V zmax are 4.4 and 4.5 and occur with a hinge position of 20 km and a step change in V zmax from 1.0 to 0.8 mm yr À1 at 5 Ma, respectively. The maximum exhumation rate of 0.8 mm yr À1 from 5 Ma to present is consistent with uplift rates determined from previous studies of offset Quaternary strata exposed fault trenches, assuming that footwall exhumation rates are roughly equivalent to onehalf the net tectonic vertical displacement measured in faulttrenches (Table 1) .
[47] The previous c 2 values for simulations with a decrease in the footwall exhumation rates suggest that the AFT sample ages were exhumed at an average rate (E 0 ) of $1.0 mm yr À1 for the last (t 0 ) $10 Myr and the (U-Th)/He ages were exhumed at an average rate (E 1 ) of $0.8 mm yr for the last (t 1 ) $5 Ma. Therefore the exhumation rate for the time period between 10 and 5 Ma must have been higher than 1.0 mm yr À1 . The exhumation rate (E 2 ) for the time period between 10 and 5 Ma is given by
Applying the previous values for E 0 , E 1 , t 0 , and t 1 in equation (11) suggests an exhumation rate of 1.2 mm yr À1 between $10 and 5 Ma. Therefore the thermochronometer data suggest the exhumation rate has decreased by a factor of 1.5 (from 1.2 to 0.8 mm yr À1 ) at $5 Ma.
[49] The model-derived maximum exhumation rate of 0.8 mm yr À1 at the fault suggests and average exhumation rate of 0.7 mm yr À1 between 0 and 5 km distance from the fault (assuming tilt on a hinge located 20 km from the fault). This exhumation rate is almost a factor of 2 less than that implied by the local north-south elevation-age change from ridge top to canyon bottom in Figure 5b of Armstrong et al. [2003] . This discrepency may indicate a ridge to canyon topographic effect on subsurface isotherms and/or that the landscape is not in steady state over the timescale of $4 Myr (the mean sample age) [e.g., see Braun, 2002] .
Onset of Faulting and Maximum Temperatures of Exposed Rocks
[50] We infer that the Wasatch fault has been active for 10-12 Myr with a maximum exhumation rate between 0.8 and 1.0 mm yr À1 based on the distribution of ages in the footwall (section 5.4 and 6.1). This fault onset time is also constrained by considering the maximum temperature experienced by exhumed rocks. We now use the distribution of ZFT, AFT, (U-Th)/He ages across the footwall to delineate the exhumation duration of the Wasatch fault footwall. Despite uncertainties in the kinetics of ZFT annealing the temperature range encompassing the ZFT PAZ is inferred to be between $230 -330°C [Yamada et al., 1995] . As discussed below, this temperature range of the ZFT PAZ allows us to use the distribution of ZFT ages from the Wasatch mountains to interpret the duration of exhumation.
[51] Figure 10 shows predicted maximum temperatures of rocks exposed at the surface as a function of distance from the fault with different ages of initiation of fault motion. As with previous models, footwall tilt implies that rocks exhumed adjacent to the fault experienced higher maximum temperatures than rocks exhumed at greater distances from the fault (Figure 10a) . For an onset time of faulting less than $8 Myr a rock exhumed adjacent to the fault would originate from above the ZFT PAZ and would thus have a ZFT age equivalent to the intrusion age (35 Ma). However, if faulting persisted for longer than 8 Myr, a sample from the footwall adjacent to the fault would originate from within the ZFT PAZ and would therefore have a ZFT age younger than the intrusion age. This pattern holds for the other thermochronometer systems as well.
[52] Wasatch Mountain samples that we interpret as having been exhumed from below, within, and above the PAZ or PRZ are shown in Figure 10b . The horizontal bars indicate distance from the fault that we predict ages to reflect exhumation from different depths. For onset of faulting at 10 Ma, ZFT ages of rocks exposed at <3 km from the fault experienced maximum temperatures between 220 and 250°C. ZFT ages of rocks exposed between 3 and 9 km distance experienced maximum temperatures between 150 and 220°C. ZFT ages of rocks exposed at >9 km distance experienced maximum temperatures <150°C. For the same onset of faulting time, AFT ages in rocks exposed at <17 km distance experienced maximum temperatures >110°C. No AFT ages associated with this episode of [53] Armstrong et al. [2003] interpret the ZFT ages within 3 km of the fault as originating in, or below, the ZFT PAZ. If the ZFT ages within 3 km of the fault originated from within the ZFT PAZ then these sample had maximum temperatures somewhere between 230 and 330°C. Rocks with ZFT ages with this range of maximum temperatures would only be exposed if the onset of faulting was between 9 and 14 Ma. The AFT samples exposed within 17 km of the fault have ages <11 Ma and are interpreted as exhumed from depths below the AFT PAZ. The 10 Ma AFT age of the sample at 17 km from the fault implies a minimum faulting onset age of 10 Ma On the basis of the inferred maximum temperatures of the ZFT and AFT data we interpret a faulting onset age of 12 ± 2 Ma.
[54] This 12 Ma onset age of faulting is sensitive to the assumption of steady state topography and the use of the present-day topography of the Wasatch Mountains as the initial condition in the thermokinematic model. A more realistic assumption would be that the present-day topography of the Wasatch Mountains evolved over the first couple million years of faulting [Densmore et al., 1998; Allen and Densmore, 2000] , in which case exhumation and erosion rates would be less over this time period. If this were the case and the topography developed over the first several million years than our assumed initial condition of steady state topography could result in the predicted onset time of faulting to be under estimated by $1-2.5 Myr.
[55] Nevertheless, assuming an onset age of 12 Ma and a maximum exhumation rate (V zmax ) of 0.8 mm yr À1 , we infer an exhumation magnitude of 9.6 km $± 1.6 km) at the fault. This exhumation magnitude and predicted maximum temperatures of 250-330°C for samples exhumed adjacent to the fault (Figure 10a ) are consistent with maximum temperatures and pressures measured in fluid inclusion samples from the Wasatch fault [Parry et al., 1988] .
Conclusions
[56] Many exhumation studies in normal fault bounded ranges commonly use the slope of a best fit line in a plot of thermochronometer sample age versus elevation to delineate the apparent exhumation rate. Although this approach is useful for determining an approximate exhumation rate it is seldom able to quantify other important kinematic parameters such as spatial and temporal variations in the true exhumation rate, fault dip angle, footwall tilt, or exhumation duration. The previous kinematic parameters are of interest when trying to understand the structural and geodynamic evolution of rift environments around the world. The approach presented in this study differs from that of many other thermochronometer studies in that we integrate thermochronometer data and numerical models to quantify the kinematic evolution of a normal fault bounded range.
[57] We coupled 2-D thermal, kinematic, and thermochronometer kinetic models to describe the distribution of exhumed ZFT, AFT, and (U-Th)/He sample ages in the Cottonwood Intrusive Belt in the central Wasatch Mountains. The modeling approach employed in this study is applicable to studies of normal fault bounded ranges in other rift environments. Our consideration of 2-D particle trajectories and thermal histories of exhumed thermochronometer samples lead to the following conclusions:
1. AFT and (U-Th)/He ages can be explained by models with a constant rate of exhumation or by models with a decrease in the exhumation rate. The best fit, constantexhumation model has a rate of 0.8 mm yr À1 at the fault and an age of onset of 12 Ma. A slightly better fit is found for a model with the maximum exhumation rate of 1.2 mm yr
À1
for the time period between $10 and 5 Ma. For the last 5 Myr, there appears to be a factor of 1.5 decrease in the maximum exhumation rate to 0.8 mm yr
. 2. The distribution of ZFT, AFT, and (U-Th)/He ages of rocks exposed across the footwall suggests a faulting onset time of 12 ± 2 Myr This onset time and a constant maximum exhumation rate 0.8 mm yrÀ 1 predict 9 ± 1.6 km of exhumation at the fault. This magnitude of exhumation is consistent with previous studies of the maximum pressures and temperatures inferred from fluid inclusions in rocks near the Wasatch fault.
3. Tilt of the Wasatch Mountains occurs around a structural hinge such that exhumation rates are highest adjacent to the fault and decrease toward the hinge [e.g., Armstrong et al., 2003] . Model results suggest the Wasatch Mountains to have a footwall hinge located at a minimum of 20-25 km from the footwall.
